Abstract The glycocalyx contributes to the barrier properties of vascular endothelium, and recently, we reported using electron microscopy that glycocalyx is diminished at lesion prone sites in arterial bifurcations in mice. In the present study, we examined using confocal microscopy the dimension and composition of the endothelial glycocalyx at low-and high-risk atherogenic regions within the common carotid (common) and internal carotid branch (sinus) of C57BL/6J mice and compared dimensional variations with its ability to limit transendothelial leakage of low-density lipoprotein (LDL). Confocal laser scanning microscopy of arterial surfaces stained for heparan sulfate and hyaluronan revealed thinner glycocalyces at the sinus region (2.2±0.7 and 2.3±0.7 μm, respectively; P<0.05) than the glycocalyx thickness at the common region (4.3±1.6 and 4.3±1.6 μm, respectively). This thinner glycocalyx was associated with impaired LDL retention by the glycocalyx resulting in a two to three times increase in intimal accumulation of LDL 15 min after i.v. bolus administration: 10.8±5.6 vs. 4.0± 1.9×10,000 a.u. (sinus vs. common, P<0.05). These results indicate that impaired glycocalyx barrier properties may contribute to transendothelial leakage of atherogenic LDL at lesion prone arterial sites.
Introduction
The endothelial surface glycocalyx contributes to the vascular barrier function in shielding the vascular wall from flowing blood and limiting leakage of fluid and macromolecules across its endothelial lining. Recently, we demonstrated using electron microscopy that the morphology and dimension of the endothelial glycocalyx was dramatically modified at atherogenic risk areas or by a high-fat diet, and such glycocalyx perturbation was accompanied by a local increased intima-to-media ratio [29] . In this paper, we extend this line of research and focus on structural glycocalyx differences at arterial lesion-prone sites and its consequences for local permeability barrier properties with respect to transendothelial leakage of the atherogenic risk factor low-density lipoprotein (LDL).
Numerous studies that contributed to eluding the endothelial glycocalyx composition [24, 25] resulted in the view of a negatively charged mesh of proteoglycans, glycosaminoglycans (GAG), glycoproteins, and glycolipids on the luminal surface of vascular endothelial cells extending well into the lumen of blood vessels. In particular, heparan sulfate (HS) and hyaluronan (HA) have been found to be intimately involved in vascular homeostasis [12, 14, 30] and regulating the release of nitric oxide (NO) by serving as a mechano-shear sensor for NO release [7, 20, 22, 35] .
The extended endothelial glycocalyx is believed to appear as a mesh of soluble proteoglycan core proteins bearing HS and chondroitin sulfate side chains linked to each other or to plasma proteins and HA, the only GAG not covalently linked to a peptide core [25] . As a result of the dynamic equilibrium between biosynthesis and shedding of the various components, a geometrical definition of the glycocalyx is still elusive [10, 21] . In addition, our observations that perturbation of the endothelial glycocalyx by atherogenic stimuli, such as oxidative stress [33] and oxidized-LDL [3, 4, 34] , increase vascular permeability and adhesiveness of platelets and leukocytes to the cell surface exemplifies the importance of considering the synergistic interaction of the glycocalyx constituents as a whole.
In the present study, we investigated the role of HS and HA at low-and high-risk atherogenic regions of the mouse carotid artery, using the common and internal carotid sinus area as a model for arterial sites exposed to low-or highatherogenic risk, respectively [17] . We hypothesized that a diminished glycocalyx at atherogenic risk areas is characterized with reduced amounts of both HS and HA that contributes to local impairment of barrier properties and, in turn, increased permeability for high molecular weight plasma molecules.
Confocal laser scanning microscopy (CLSM) was performed to study the endothelial HS and HA thickness and surface distribution on freshly isolated carotid artery bifurcation segments of C57BL/6J (B6) mice, incubated with anti-HS antibody [5] and purified HA-binding protein (HABP). To test for increased local vascular permeability [2, 8, 27] , leakage of the fluorescent LDL-Bodipy FL complex (LDL-bodipy) at the carotid artery low-and highrisk regions was investigated. Furthermore, the effect of HS and HA surface distribution was evaluated at low-and high-risk regions of the carotid artery bifurcation segment to a systemic atherogenic challenge, in C57BL/6J/apoE*3-Leiden (E3L) mice on a Western-type diet containing 0.25% cholesterol [32] or glycocalyx degradation with hyaluronidase of B6 vessel segments.
Materials and methods
Mice Fifteen-week-old male C57BL/6J (B6) mice were divided into two groups: non-challenged controls (weight, 27.0 ±1.0 g, n=6) and intravenously challenged with fluorescent human plasma LDL analogue (LDL-bodipy, Molecular Probes, Eugene, OR, USA; weight, 26.9±1.1 g, n=6). In addition, one group of 18-week-old male C57BL/ 6J/apoE*3-Leiden (E3L) mice (weight 29.2±1.7 g, n=4) on standard mouse chow (SRM-A; Hope Farms, Woerden, The Netherlands) were put on a high-fat, high-cholesterol diet containing 15% cacao butter, 0.25% cholesterol, 40.5% sucrose, 10% corn starch, 1% corn oil, and 5.95% cellulose (Diet-W; Hope Farms) for 4 weeks, as described earlier [29] . The experimental protocol was approved by the local Animal Ethical Committee of the Academic Medical Center and University of Amsterdam.
Changes in cholesterol and triglyceride serum levels of E3L mice between weeks 18 (pre-diet) and 22 (4 weeks on diet) were determined from blood collected by saphenous vein puncture [13] , using the MPR2 cholesterol kit (Boehringer Mannheim, Germany) and GPO-Trinder kit (Sigma-Aldrich, St. Louis, MO, USA), respectively.
In vivo LDL-bodipy challenge Mice received an intraperitoneal dose of 25 IU heparin (Leo Pharma BV, Weesp, The Netherlands). After 15 min, it was followed by an intraperitoneal dose of 125 mg/kg ketamine HCl (Eurovet, Bladel, The Netherlands) and 0.2 mg/kg medetomidine HCl (Orion, Expoo, Finland). The left external jugular vein was exposed and cannulated to administrate 60 μg of LDLbodipy, which was allowed to circulate for 15 min before dissection of the left common carotid artery and bifurcation area. This amount of LDL-bodipy was estimated to correspond with approximately 0.2 mmol/L of circulating LDL, about twice the plasma LDL content in B6 mice [15] . LDL-bodipy that was prepared from fresh human plasma and stored under argon by the manufacturer was used within 2 days upon arrival.
Tissue preparation and CLSM Mice received an intraperitoneal dose of 25 IU heparin, followed after 15 minutes by an intraperitoneal dose of 125 mg/kg ketamine HCl and 0.2 mg/kg medetomidine HCl, as shown above. The left common carotid artery and bifurcation area were exposed, and the common carotid artery was ligated proximal to the aortic arch bifurcation. The left common carotid artery plus internal and external carotid arteries were dissected as a whole and placed in oxygenated 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES)-buffered salt solution (HBSS, in mmol/L: 5.55 glucose, 114 NaCl, 10 KCl, 1.18 KH 2 PO 4 , 1.17 MgSO 4 ·7H 2 O, 0.5 CaCl 2 , 25 NaHCO 3 , 5.0 HEPES, 0.025 EDTA; pH 7.41±0.03) containing 0.1% bovine serum albumin at room temperature (rT), and the animal is killed. Excess tissue was removed, and the common carotid artery and bifurcation area were cut open longitudinally to expose the endothelial cell (EC) surface and, except of LDL-bodipy challenged mice, incubated with 50 μg/mL of purified HABP (Seikagaku America, Falmouth, MA, USA) conjugated to Alexa Fluor 555 (HABP-AF555; custom synthesis by Molecular Probes), followed by incubation with mouse anti-heparan sulfate IgM antibody (10 μg/mL, clone 10E4; Seikagaku, Tokyo, Japan) and after a brief wash, with Alexa Fluor 488 conjugated goat anti-mouse IgM (10 μg/mL, Molecular Probes). All proceedings were performed in HBSS-bovine serum albumin (BSA) for 30 min at rT. The EC surface of segments placed between two cover slips in the presence of SYTO 44 (2 μmol/L, Molecular Probes) were examined using a CLSM (510-meta; Carl Zeiss, Göttingen, Germany) and a ×40 objective lens (Plan Neo Fluar NA 1.3/oil DIC; Carl Zeiss).
In addition, some right whole carotid bifurcation segments of control B6 mice with exposed EC surface, not challenged with LDL-bodipy (n=4), were incubated with 25 IU/mL hyaluronidase (bovine testis, fraction IV-S) in HBSS-BSA for 1 h at 37°C, in the presence of 1 mmol/L benzamidine-HCl and 5 mmol/L 6-amino-n-caproic acid (all Sigma Chemical). After a brief wash with HBSS-BSA, the bifurcation segments were incubated with the preceding HA and HS labeling steps and examined as shown above.
Data analysis Confocal 12-bit gray-scale axial image stacks (xyz dimensions, 0.04×0.04×0.3 μm) starting from the vessel lumen that covered 400 μm 2 of surface area per image and a height of 5 to 10 μm above and below the EC nuclear plane were recorded using LSM-5 Image software (Carl Zeiss). The image stacks were analyzed with the public domain National Institutes of Health IMAGE program (available at http://rsb.info.nih.gov/nih-image). For each image, the mean fluorescence minus background fluorescence (first five luminal images from stack) was determined, and within each stack, the nuclear position of EC and adjacent smooth muscle cell (SMC) was determined from corresponding SYTO 44 peak fluorescence.
Glycocalyx thickness was estimated to be the distance between the HS-or HA-stained luminal boundary focal plane and peak EC nuclear position. Sum of HS and HA glycocalyx staining was determined to be between the respective luminal boundary focal plane and distal EC nucleus half-maximum fluorescence. Spatial localization differences within the glycocalyx domain between HS and HA was evaluated by their respective calculated coefficient of variance. Intimal LDL distribution and HA, HS accessibility for each labeled conjugate (HABP-AF555 and mouse anti-HS/goat anti-mouse IgM-AF488, respectively) were determined to be the sum of fluorescence of each label between EC and adjacent SMC nuclear halfmaximum fluorescent position and were compared with the total sum of fluorescence of intimal and glycocalyx domain.
Data are presented as mean±SD. Differences in measurements between common carotid-and internal carotid artery sinus region within each group and in serum cholesterol-and triglyceride levels between pre-diet and diet in E3L mice were assessed by means of paired-sample t test (two-way). Differences in measurements between experimental groups were assessed by means of two-sample t test (two-way). A value of P<0.05 was considered statistically significant.
Results
Glycocalyx dimension in B6 mice on normal diet Dimension estimates from axial confocal image stacks revealed significantly (P<0.05) thinner HS and HA domains (2.2± 0.7 and 2.3±0.7 μm, respectively) at the left internal carotid sinus region of B6 mice than the glycocalyx thickness of 4.3±1.6 and 4.3±1.6 μm found at the common carotid artery surface (Fig. 1a) . Local difference in glycocalyx thickness was accompanied by significantly less (P<0.05) fluorescent staining for HA and a disproportionate reduction in HS (Fig. 1b) . This was illustrated by the z-axis average intensity projections of the common-and internal carotid sinus region (Fig. 2a, b, respectively) .
Surface-staining patterns of HS and HA fluorescence were significantly different (P<0.05, HS vs. HA), as illustrated by their respective coefficients of variance (102±26 vs. 58±13 at common region and 120±44 vs. 66±20 at sinus region) and en face intensity projections (Fig. 1c-i) . Interdependence of HS and HA structures within the glycocalyx domain was noticed further in B6 carotid artery bifurcation segments after hyaluronidase treatment (Fig. 3) . In line with the treatment, HA surface amount was reduced significantly (P<0.05) at both the sinus and common region of the carotid artery (42± 16% and 50±5% of total vascular HA staining, respectively) in comparison with sinus and common region surface HA of control B6 mice (78±8% and 85±6%, respectively), illustrated by z-axis average intensity projections of the common and internal carotid sinus region ( Fig. 2c and d, respectively) . Consequently, accessibility for intimal HA staining increased to a sum of fluorescence of 4,948±2,478 and 4,306±2,502 for sinus and common region in comparison with their respective sinus and common region intimal HA fluorescence of control B6 mice (2,564±1,530 and 2,853±1,217 a.u., respectively). Surprisingly, in conjunction with the expected reduction of HA, hyaluronidase treatment also resulted in a similar reduction of HS at both sinus and common region (45±13% vs. 80±9% and 52±7% vs. 86±9% of total vascular HS staining, respectively). Accessibility of intimal HS for staining also increased upon hyaluronidase treatment resulting in a sum of fluorescence of 2,073±2,214 and 3,583 ±3,064 for sinus and common region in comparison with sinus and common region intimal HS fluorescence of control B6 mice (681±585 and 1,321±1,213 a.u., respectively) . Despite the reduction in surface presence of HS and HA upon treatment with hyaluronidase, surface-staining patterns remained very similar as was found in control B6 mice with significantly different patterns of HS and HA fluorescence (P<0.05, HS vs. HA), as illustrated by their respective Vascular LDL-bodipy distribution in B6 mice on normal diet To investigate whether quantitative differences in glycocalyx constituents would affect local vascular wall-barrier properties, B6 mice were intravenously challenged with LDLbodipy for about 15 min before dissection of the carotid artery bifurcation segment. Visualization of the dissected vessel segments revealed a marked distribution difference of the fluorescent LDL analogue between the common (Fig. 4a ) and sinus region (Fig. 4b) . LDL-bodipy leaking into the intimal layer was significantly (P<0.05) higher at the sinus than at the common region (10.8±5.6 vs. 4.0±1.9×10,000 a.u., respectively; Fig. 4c ). Within the sinus region, an intracellular endothelial LDL-bodipy accumulation was found, contained within vesicle-like structures, that was absent in the common region EC domain cytoplasm (Fig. 4d,e) . Fig. 3 Comparison of HS (a) and HA (b) surface distribution at common carotid-and internal carotid sinus region between control B6 mice, E3L mice on high-fat, high-cholesterol diet (HFC) for 4 weeks (n =4) and B6 carotid artery segment treated with 25 IU/mL hyaluronidase (hyal) for 1 h at 37°C (n=4). Values are means±SD.
Difference in HS and HA surface distribution between control B6 mice and each challenge and between challenged groups was assessed by means of two-sample t test (two-way). *P<0.05 vs. control B6. **P<0.05 vs. B6 treated with hyaluronidase Difference in sub-endothelial LDL-bodipy accumulation between the common and internal carotid region was assessed by means of pairedsample t test (two-way). *P<0.05 vs. common region. En face averageintensity projections of intracellular LDL-bodipy (green) distribution at the endothelial nuclear (blue) plane of mouse left common carotid (d) and internal carotid sinus artery region (e). Bar=5.0 μm
Glycocalyx distribution in E3L mice on atherogenic diet
Comparison of HS and HA distribution within the carotid artery of B6 mice on a normal diet revealed similar differences in surface coverage between the "atheroprotective" common region and the "atheroprone" internal sinus region with a significant thinner glycocalyx at the latter site. While surface distribution of HS and HA at each site was very different, interdependence between the two glycocalyx constituents was observed upon enzymatic treatment of the vessel segment with hyaluronidase. To assess the effect of in vivo cardiovascular risk factors on the endothelial glycocalyx, E3L mice were put on a Western-type, high-fat highcholesterol diet for 4 weeks to induce the onset of systemic dislipidemia a risk factor for atherosclerotic lesion formation. In this relatively short period of atherogenic diet, E3L mice started to have significant higher serum levels of cholesterol (7.1±2.2 vs. 3.0±1.0 mmol/L, P<0.05) and increased levels of triglycerides (1.4±0.4 vs. 0.9±0.6 mmol/L, P=0.192) than before they started the diet (Table 1 ). This early modest dislipidemia was associated with reduced amounts of surface HS and HA at both common carotid artery surface (57±9% and 61±12% of total vascular staining for HS and HA, respectively) and sinus region (62±13% and 69±9%) in comparison to the presence of surface HS and HA in control B6 mice (common 86±9% and 85±6%; sinus 80±9 and 78± 8), Fig. 3 , and illustrated in Fig. 2e and f, respectively. Accessibility of intimal HS and HA for staining also increased in these E3L mice on atherogenic diet and resulted in a sum of fluorescence of 1,615±1,080 and 2,806±1,566 for labeled HS in sinus and common region, respectively, and 3,520± 946 and 4,088± 4,329 for labeled HA in comparison to intimal HS and HA fluorescence in sinus and common region of control B6 mice (HS 681±585 and 1,321±1,213 a.u.; HA 2,564±1,530 and 2,853±1,217a.u.). This diet-induced reduction in surface HS and HA presence, however, resulted in changes of especially a HS surfacestaining pattern, rendering it indistinguishable from the HA surface-staining pattern, as illustrated by their respective coefficients of variance (55±32 vs. 60±16 at common region and 89±21 vs. 46±24 at sinus region). This change in HS surface distribution might be primarily as a result of its involvement in vascular lipid accumulation, via bound lipoprotein lipase [26] .
Discussion
In line with our earlier electron microscopic observations [29], we found significant smaller glycocalyx dimensions and amounts for two of its major constituents heparan sulfate and hyaluronan at the atherogenic sinus region of the carotid artery bifurcation compared with the common carotid region. This locally reduced glycocalyx was associated with increased sub-endothelial accumulation of LDL, supporting the hypothesis that perturbed glycocalyx content at pre-lesion areas within the arterial vascular tree contributes to local loss of EC barrier properties. Hyaluronidase treatment of B6 carotid artery bifurcation vessel segment not only affected the amount of surface HA but reduced HS surface coverage equally, demonstrating the interdependence of intermingled GAGs. Furthermore, despite globally reduced surface HS and HA amounts in an atherogenic mouse model put on a high-fat, high-cholesterol diet, preexisting local relative differences in glycocalyx dimensions remained unaltered, indicating that increased atherogenic vulnerability remains localized at spatially defined vascular regions.
Using various fluorescent-microscopic approaches, EC surface dimensions were reported from 0.5 μm within capillaries and small arterioles [4, 14, 33, 34 ], 2.6 μm in small diameter arteries [31] , up to about 4.5 μm lining the common carotid artery [19] . Consistent with the latter twophoton laser scanning microscopic measurements of lectinstained murine common carotid surface layer, we now report 4.3-μm thick HS and HA glycocalyx dimensions at the common carotid artery region of B6 mice. In addition, we were able to measure distinct local glycocalyx dimensions within the common and sinus region of the carotid bifurcation and associated differences in local GAG amounts, which extend our previous electron microscopic reports of distributed glycocalyx dimensions [29, 30] . From these studies, a possible role of the endothelial glycocalyx in control of vascular wall permeability emerged, as suggested from increased local intima-to-media ratio at sites of reduced glycocalyx dimension at atherogenic risk areas. These early changes in local intima-to-media ratio were without evidence of blood cell or monocyte accumulation within the extended intimal layer, indicating a minimal inflammatory response at this very early stage. In line with these observations, studies of ex vivo pig and B6 mouse aortic vessel segments revealed that endothelial cells from disturbed flow regions exert priming to an inflamma- The difference in body weight, serum cholesterol, and triglyceride levels before and after 4 weeks of diet in E3L mice (n=4) was assessed by means of paired-sample t test (two-way). Results are means±SD. *P<0.05, pre-diet vs. post diet tory phenotype, however, without actual cytoplasm-tonuclear translocation of nuclear factor-kappa B (NF-κB) signal transduction pathway components p65 and IκB proteins [11, 23] . These long-adapted endothelial cells also do not express the early NF-κB-mediated inflammatory markers intercellular adhesion molecule-1, vascular cell adhesion molecule-1 (VCAM-1), E-selectin, or P-selectin. In addition, while virtually absent in wt B6 mice, substantial P-selectin and von Willebrand factor-mediated platelet adhesion was detectable to carotid endothelium in apoE −/− mice [18] . Upon this platelet to endothelium adhesion, activation of NF-κB and NF-κB-regulated genes such as VCAM-1 or MCP-1 followed. Introducing a LDLbodipy challenge into the murine circulation for only 15 min, we observed that significantly more LDL-bodipy accumulated within the sub-endothelial space at the lesionprone sinus region than at the common region of the carotid artery. Similar focal LDL accumulations in lesion-susceptible sites before fatty streak formation observation have been reported in cholesterol fed rabbits [2, 27] and in a porcine arterial flow setup exposed to simulated disturbed fluid flow [8] . This increased LDL-bodipy uptake within the sinus vessel wall region was accompanied by an increase in intraendothelial LDL-bodipy stained vesicle-like structures. This increase in LDL-bodipy uptake at the sinus region of B6 mice does support a possible contribution for phenotypically different local endothelial cells that play an active role in LDL transport into the vascular intimal layer. Evidence for such active endothelial contributions of cells exposed to lowor slow periodicity shear forces was given in earlier studies, which revealed that formation of pinocytotic vesicles [6] and permeability to albumin [16, 28] were acutely sensitive to shear stress in vitro. In addition, internalization of colocalized LDL and heparan sulfate was observed recently in endothelial cells grown under static conditions while exposure to shear stress reduced uptake in time, to undetectable amounts of intracellular LDL but increased luminal presence of heparan sulfates upon 48 h of exposure [1] . Blocking the endocytosis process by adding the inhibitor phenyl arsine oxide, or culturing the endothelial cells at 4°C, was able to reduce internalization of LDL and stained HS. The present study demonstrates that local vascular highpermeability sites at atheroprone arterial surfaces not only are associated with less sialic acid carrying carbohydrates as reported earlier [9, 12] but are also associated with a loss of HS and HA. To date, numerous studies report that specific removal of any one of the major glycocalyx carbohydrate structures impairs shear-induced NO production [7, 20, 22] . Vascular vulnerability upon perturbation of the surface glycocalyx with hyaluronidase treatment of wt B6 murine vessel segments or non-specific systemic challenges in E3L mice on an atherogenic diet was observed by the increased intimal accessibility for large fluorescent protein complexes (e.g., mouse anti-HS/goat anti-mouse IgM-AF488, HABP-AF555), used for HS and HA staining, and increased intimal-LDL accumulation within the common carotid vessel wall of E3L mice (data not shown). Not only do these observations argue for involvement of the endothelial glycocalyx as a barrier for high molecular weight molecules but also strongly supports the idea that an intermingled complex 3D matrix behavior is critically dependent on all of its individual components. In addition, non-specific systemic challenges were found to compromise general protective barrier functions of the endothelial glycocalyx, which will have its earliest effect on the vulnerable atheroprone vascular sites.
In conclusion, predisposed arterial vascular regions have lower amounts of carbohydrate structures such as heparan sulfate and hyaluronan present within their luminal surface glycocalyx that results in locally reduced permeability barrier properties. In the present study, we reveal the endothelial cell glycocalyx as a complex 3D matrix, vulnerable to atherogenic risk factors, which, through preexisting differences in local architecture, results locally predisposed vulnerable arterial sites.
